1. INTRODUCTION {#sec1}
===============

Cognition is the mental process of acquiring, understanding, and storing knowledge through senses, experience, and thought. The proper operation of the cognitive process requires the structural and functional interaction of neurons with their surrounding vasculature, *i.e*., a constant and appropriate supply of oxygen, glucose, and other nutrients for the activity demands, as well as removal of a variety of bio-metabolites. The close correlation between the functional integrity of neurons and their vascular support is mainly due to the fact that the brain does not have much energy reserve but constantly consumes a lot of energy (2% of total body mass needing 15% cardiac output, and consuming 25% of body oxygen and 25% total body glucose \[[@r1]\]). A reduced blood flow, no matter acutely or chronically, would certainly

jeopardize the cognitive process. A subset of stroke survivors, for instance, exhibits vascular cognitive impairment (VCI; 62.6% at 3 months post-stroke \[[@r2]\]) and a third of stroke patients would develop to dementia between 1 and 3 years post-stroke \[[@r3], [@r4]\], especially in those whose blood circulation in the hippocampal and the prefrontal areas is dramatically affected.

Dementia is derived from the Latin word, *demens,* or *dement*, meaning 'out of one's mind'. Dementia, one of the most disabling health problems, affects the quality of life of affected and their caregivers. Because of brain's high energy consumption, it is not surprising that vascular pathology has a central role in cognitive deterioration \[[@r5]\] in almost all types of memory disorders and has a worldwide incidence of approximately 1 in 20 people over the age of 65 \[[@r6]\]. Vascular dementia (VaD) is currently the second leading form of dementia (20% \[[@r7]\]), following Alzheimer's disease (AD: 50%--75%), and followed by dementia with Lewy bodies (5%), and frontotemporal dementia (5%). Patients with VaD often show memory loss and dysfunctions of attention and task execution, such as slowed thinking, disorientation, diminished abilities of planning, reasoning, and judgement, and reduced capacities for problem solving \[[@r8], [@r9]\]. Activities of daily living (ADL) are also impaired in VaD patients.

This review focuses on potential neuropharmacology of VCI and VaD, especially of those recent preclinical and clinical studies related to rescuing cognitive functions from ischemic injuries, while the underlying pathological mechanisms \[[@r10]\] are not discussed in detail. Not covered in detail are also the clinical coexistence of VaD and AD \[[@r11], [@r12]\] and the complicated nature that vascular pathology may unmask preexisting pathology underlying AD and other memory disorders, or significantly deteriorate cognitive impairments \[[@r13]-[@r16]\]. About 40% of AD patients also have some forms of vascular cognitive impairment and dementia (VCID) \[[@r17]-[@r19]\]. On the other hand, amyloid pathology contributes to small vessel disease and reduces blood flow through vasoconstriction \[[@r20], [@r21]\]. VCD and VaD are basically discussed as one type of memory disorders, although they actually encompass diverse subtypes and differ in clinical presentation. These are all important issues in the pathology of memory disorders. The readers are, however, referred to other excellent reviews \[[@r5], [@r7], [@r22]-[@r26]\].

2. VASCULAR COGNITIVE IMPAIRMENT AND DEMENTIA {#sec2}
=============================================

Like AD, VaD has its early stage changes, the VCI, in which patients exhibit cognitive decline, but can still maintain independent living. The term VCI was first proposed by Sachdev in 1999 \[[@r27]\] to describe cognitive deficits of vascular origin and later used by O\'Brien *et al*. \[[@r28]\] to refer to all forms of mild to severe cognitive impairment associated with and presumed to be caused by cerebrovascular disease. The VCI is sometime still used in the literature as an umbrella term to describe the entire spectrum of vascular cognitive dysfunction \[[@r29]\], ranging from mild impairment in cognition to dementia. In keeping with the terms widely used in vascular cognitive deficits, VCID here refers to a spectrum of cognitive decline, caused by or associated with vascular pathology, including mild impairment in cognition: VCI; and dementia: VaD. The VCI is defined as cognitive deficits in at least one cognitive domain without impaired ADL \[[@r23], [@r30]\]. The VaD, on the other hand, has impairment in two or more areas of cognitive domain, and has impaired ADL. The VCID is diagnosed by a combination of medical history, assessment of cognitive function (including ADL) and behavioral symptoms, and neuroimaging techniques. Whilst various clinically and frequently used diagnostic criteria of VaD are available \[[@r31]-[@r33]\]: such as NINDS-AIREN \[[@r34]\], DSM-IV \[[@r35]\], and ADDTC \[[@r36]\], it is still difficult in developing a unified criterion for VaD diagnosis. Generally speaking, four cognitive domains are commonly screened: executive/activation (planning and attention), language (comprehension and/or expression), memory (learning and recalling), and visuospatial skills (ability to deal with nonverbal, graphic or geographic information). Vascular evidence includes the presence of cardiovascular risk factors (such as uncontrolled hypertension, diabetes, cerebrovascular hypoperfusion, obesity, stroke, dyslipidemia, recurrent stroke, and tobacco smoking), and magnetic resonance imaging (MRI) scanning of cerebral insults (showing diffuse white matter hyperintensities, WMH, in periventricular and deep white matter regions \[[@r37]\]). Blood vessels and circulation may also be damaged by other factors, such as brain radiation therapy \[[@r38]\] and substance abuse. The genetic basis of VCID has been described, including some monogenic disorders \[[@r39]\], but remains less well-defined for sporadic VCID. Study of VCID genetics meta-analysis has found an association of APOE epsilon alleles; ɛ4, with susceptibility for VCID \[[@r40]\]. Recurrent stroke is considered as a risk factor, probably because it increases the volume of brain injury, decreases the cardiovascular reserve, and would at least double the rates of post-stroke dementia than the first-ever stroke \[[@r41]\]. In the aging population, frailty syndrome has also been found to be a short-term predictor of developing overall dementia and, in particular, VCID \[[@r42]\]. Brain imaging, especially MRI \[[@r43]\], can track cerebrovascular pathology, including WMH (leukoaraiosis), small subcortical infarcts, and microbleeds \[[@r43]-[@r48]\].

VCID is a heterogeneous disease, differing in the underlying pathology, vessel sizes, location, severity, and duration. Upon reduced blood flow, the brain structures that are most vulnerable to hypoxia and energy shortage are always hit the first and damaged the most. The injuries could be acute, such as major stroke or heart failure \[[@r49]\], or chronic. The common feature \[[@r50]\] is that the hypoperfusion-induced VCID starts when the insults impair neuronal functions in the hippocampus, the prefrontal cortical-basal ganglia networks, and probably also the periventricular white matter. The hippocampi in the mammals are among the most vulnerable to hypoxic damage due to their high activity-demanded energy cost. Like AD and other memory disorders, the core problem with VaD is an impaired ability to form synapses and/or communicate through synaptic connections in the hippocampus and the cortex upon cognitive demands \[[@r51]\]. Such impairment usually occurs way before any significant loss of their principal neurons. The neuronal count, for instance, in the hippocampal CA1 subregion has been found not to differ in VaD patients from that of control subjects \[[@r52]\]. The observation means that a significant loss in the number of neurons is not a necessary mechanism for VaD to occur. On the other hand, severe or long-lasting cerebrovascular pathology can certainly cause neuronal death through necrosis and apoptosis. Cerebral white matter locates deep in the brain and has limited blood supply and poor collateral blood flow. Reduced blood flow to cerebral white matter leads to damage from demyelination, due to hypoxic injury to oligiodendrocytes \[[@r53]\]. There are reports that activation of NF-κB in astrocytes may be involved in white matter demyelination \[[@r54]\]. The involvement of white matter damage in VCID as indicated by WMH is weakened by a general lack of a good correlation between the severity of WMH and cognitive decline \[[@r55]\], suggesting that WMT might not be a direct phenomenon determining the cognitive functions.

Diabetes mellitus increases the long-term risk of dementia by a factor of 2. The type II diabetes is a risk factor for atherosclerosis and small vessel disease \[[@r56]\] and increases progression of cognitive impairment to VaD \[[@r57], [@r58]\]. The consequence of insulin resistance is cellular energy defect, high plasma lipids, and hypertension \[[@r59]\], negatively correlated with verbal cognitive performance \[[@r60]\]. Others found that poorly controlled and long-standing diabetes has VaD prevalence as high as 40% \[[@r61]\].

One issue cannot be ignored in vascular integrity is the impact of aging \[[@r1], [@r62], [@r63]\]. Dementia is uncommon in people younger than 65 years of age. Aging brings with depletion of cerebrovascular reserve, blood-brain barrier (BBB) breakdown (initially in the hippocampus \[[@r64]\]), a decreased number of capillaries, thickened fibrotic basal membrane, reduced cerebral perfusion, and an enhanced vulnerability to ischemic injury. All point to a reduced blood perfusion to the brain tissues and an increased cell vulnerability to ischemic injury.

VCI and VaD are generally viewed as the functional consequences of reduced blood flow to the brain, *i.e*. a disorder of hypoperfusion-induced pathogenesis \[[@r65]\]. Reduced supplies of oxygen and nutrition impair operation of synaptic activities and mitochondrial function, which exacerbates neuronal damage \[[@r66], [@r67]\]. However, cerebrovascular disease and ischemic hypoperfusion are usually accompanied by BBB damage, including the BBB in the hippocampus \[[@r64], [@r68]\]. The BBB protects the brain environment from various molecules in the peripheral circulation and its dysfunction may play a significant role in the pathogenesis of VaD \[[@r69], [@r70]\]. The potential involvement of BBB function in the VCID pathogenesis means that its effective therapeutic strategy may require a functional restoration of the BBB.

3. conventional therapeutics for vas-cular cognitive impairment and dementia {#sec3}
============================================================================

For functional recovery, VCID patients would need both anti-dementia therapeutics and therapeutics for the underlying cerebrovascular problems. The current management strategies for VCID patients include the symptomatic treatment of VCI and VaD, management of risk factors, and non-pharmacological approaches aimed at preventing VCI progression to VaD.

With regards to anti-dementia therapeutics, there are no specific drugs approved for VCID treatment. The cholinesterase inhibitors, donepezil, galantamine, and rivastigmine, and the NMDA (the *N*-methyl-[D]{.smallcaps}-aspartate receptor) antagonist memantine, the only medications currently licensed for the AD treatment, have been found to show some cognitive improvements in VCID \[[@r5]\]. The main problem with these agents as anti-dementia drugs is that they produce small, short-lived improvements in mild to moderate cases and marginal benefits in severe cases \[[@r71]\]. The weak benefits are nevertheless overwhelmed by their adverse effects \[[@r72]\]. There are also reports that the benefits of galantamine \[[@r73]\] and memantine \[[@r5]\] on VCI are uncertain and that memantine may cause or contribute to delirium in VCID patients \[[@r74]\].

Emerging evidence, however, suggests that anti-dementia therapeutics may be developed through synaptic pharmacology. Like synaptic damage in AD brains, synaptic damage and/or synaptic loss appear underling a critical part of VCID. The VCID pharmacology is thus to restore the synaptic functions and brain's ability to process memory-related information through synaptic interconnections upon cognitive demands. There are various signaling pathways that can be facilitated to enhance synaptic functions and brains' ability to repair and maintain its proper synaptic connections. Bryostatin-1, a relatively selective protein kinase Cε activator, for instance, can rescue synaptogenesis and cognitive function after global cerebral ischemia \[[@r75], [@r76]\]. PKCε is predominantly expressed in the brain \[[@r77]\], is anti-apoptotic \[[@r78]\], and is suppressed in neurons after cerebral ischemia \[[@r79]\]. The therapeutic effects are highly correlated and consistent with increased expression and activity, in the hippocampus and related cortex, of brain derived neurotrophic factor (BDNF). BDNF is especially enriched in the hippocampus and cortex and play an essential role in synaptic functions and processing of memory-related information in the brain \[[@r80]\]. The therapeutic benefits of neurotrophic enhancers, such as bryostatin-1, to cognitive functions in patients with VCID, however, remain to be evaluated. Other potential therapeutic mechanisms include producing an antiapoptotic impact \[[@r74], [@r75]\], preserving ventricular gap junction protein connexin signaling \[[@r81]\], reducing the damage due to cerebral reperfusion after ischemia \[[@r82]\], phosphorylating the mitochondrial K^+^ATP channel, and increasing synaptosomal mitochondrial respiration \[[@r83], [@r84]\]. It remains to be studied which mechanism(s) are involved in the therapeutic impact.

An effective therapy for VCID patients needs directly address the problem of hypoperfusion and provide therapeutic improvement in cerebrovascular circulation. This involves a life-time management of cardiovascular risk factors, such as hypertension \[[@r26]\] and diabetes, and acute treatment with thrombolytic therapy in ischemic stroke. A recent meta-analysis reveals renin-angiotension system-targeting antihypertensive drugs produce remarkable efficacy on reducing the incidence of VCID \[[@r85]\]. Beneficial impacts to VCID could also be achieved through enhancing cellular integrity or signaling pathway in cognition. Citicoline, an essential intermediate in the biosynthesis of structural phospholipids in cell membranes, has been reported to exhibit neuroprotective activity \[[@r86]-[@r88]\], although its clinical benefits in ischemic stroke and traumatic brain injury remain uncertain \[[@r89]\]. Benefit effects of changing life styles and activity (diet, exercise, and environmental enrichment \[[@r90], [@r91]\]) on VCI and VaD have been reported. Some of the strategies may involve both, producing an anti-dementia impact and reducing the cerebrovascular burdens. Repetitive transcranial magnetic stimulation has been reported to have neuroprotective effects against VaD in rats \[[@r92]\]. Along this line are also exercise and environmental enrichment. In rats after 2-VO chronic cerebral hypoperfusion, involuntary treadmill exercise for 4 weeks has been found to reduce cognitive decline by enhancing neurogenesis and increasing BDNF expression \[[@r93]\]. A similar effect, attenuating 2-VO-induced vascular neurocognitive deficits, has also been observed in involuntary running (360 m per day for 2 weeks) in rats \[[@r94]\]. Exercise increases histone acetylation, stimulates DNA demethylation in BDNF promoter IV, and elevates levels of activated methyl-CpG-binding protein 2, a molecule important for BDNF gene transcription regulation, as well as BDNF mRNA and protein in the rat hippocampus \[[@r95]\]. There are reports that repetitive transcranial magnetic stimulation (5 days/week for 4 week, starting one week after establishing the hypoperfusion) increases hippocampal expression of BDNF \[[@r96]\] and vascular endothelial growth factor and attenuates VaD in 2-VO rat models \[[@r97]\]. The effects of exercise on VaD might be sex-dependent, at least in some experimental animals. A cognitive rehabilitation paradigm, which is effective in male rats, has been found to lack efficacy in female rats \[[@r98]\]. In patients with mild VaD, anodal transcranial direct current stimulation of the left dorsolateral prefrontal cortex has been found to produce additional effects to cognitive training on visual short-term memory, verbal working memory, and executive control \[[@r99]\]. Involuntary exercise evoked with functional electric stimulation has often been used in stroke rehabilitation \[[@r100]\]. Several recent meta-analyses have, however, examined effects of cognitive rehabilitation and found no statistical long-term therapeutic benefits in patients with post-stroke VCID \[[@r101]\]. Another interesting phenomenon is the pre- and post-conditioning \[[@r49], [@r102]\]. The pre-conditioning, for example, activates the protein kinase Cε isoforms in many tissues and is likely to facilitate synaptic re-modeling and synaptogenesis. To replace lost cells due to stroke or vascular pathology, stem cells might also be a valuable option \[[@r103]\] to consider in the future.

**4. prevENTAtive pharmacology for vas-**cular cognitive impairment and dementia
================================================================================

VCID might be prevented through two types of interventions. The first one is an early identification and medical treatment of cardiovascular conditions \[[@r104]\]. The risk factors for developing VCID can be divided into non-modifiable and modifiable ones. The non-modifiable risk factors include age, sex, ethnicity, family history, and genes \[[@r5], [@r105]\]. Some of these currently non-modifiable risk factors might become modifiable ones in the future through human efforts. Modifiable risk factors include hypertension, diabetes, dyslipidemia, atrial fibrillation, obesity, smoking, low education, and physical inactivity. An effective control of cardiovascular risk factors prevents VCID and may be more effective than current pharmacological treatment for VCID \[[@r106], [@r107]\]. Hypertension, for instance, is known to cause damage to the cerebral tissues, resulting in leukoaraiosis, or lesions in the periventricular and subcortical white matter regions \[[@r108]\]. Evidence has been presented that maintaining ideal cardiovascular health at middle age is related to better cognition in later life \[[@r109]\]. Antihypertensive medication, thus, in patients with hypertension has been shown to have preventative effects on cognitive deficits in later life \[[@r110], [@r111]\]. On the other hand, the causative connection between hypertension and dementia is complicated and not fully understood \[[@r82], [@r112]\]. One is not expected to find effectiveness of treating hypertension to prevent or slow cognitive decline for those hypertensive patients whose cerebral circulation is not severely impaired by the raised blood pressure to compromise their cognitive functions. It remains to be studied whether lowing cholesterol benefits patients with VCI and VaD. A recent Cochrane Database Review has indicated that statins do not prevent cognitive decline when given in late life to those people at high risk for vascular disease \[[@r113]\].

Another potentially important strategy for preventative pharmacology against VCID is to build cerebral reserve pharmacologically (Fig. **[1](#F1){ref-type="fig"}**). The concept of cerebral reserve describes differences between individuals in their ability to compensate age-related brain pathology. Thus, if we consider two individuals with the same extent of memory-impairing neuropathology, one may exhibit clinical signs of dementia, while the other remains cognitively intact \[[@r114], [@r115]\]. The difference is believed to stem from their individual levels of the cerebral reserves, not the severity of the underlying pathology in their brains. Cerebral reserve includes 1) brain reserve \[[@r114], [@r116], [@r117]\], related to differences in brain size and structure, such as neuronal and synaptic density; 2) cognitive reserve \[[@r118]-[@r120]\], about the differences in the ability to make flexible and efficient use of existing brain resources when engaged in a cognitive task; and 3) network maintenance \[[@r121]\], referring to the differential capacity to initiate synaptic repair, synaptogenesis, and neurogenesis. The three components appear working together and supporting the cognitive leisure built through life's experiences. Evidence has been provided that lifestyle and environmental factors, especially of those cognitively challenging, play a strong role in shaping the expression of cerebral reserve. Higher IQ, education in early life, and bilingualism, for instance, contribute to higher cerebral reserve. Bilingualism has been shown to delay the AD onset by 5.1 years on average \[[@r122]\], in comparison to monolingualism. If the age of dementia onset in all cases could be delayed by just 5 years, the number of dementia cases could be drastically reduced \[[@r123]\]. As we know more and more of the cognitive mechanisms, facilitating cerebral reserve through pharmacological means would certainly become a reality in the future. There are pharmacological agents that can mimic the cognitive leisure and enhance cognitive capacities \[[@r124]\] (Fig. **[1](#F1){ref-type="fig"}**). These agents could be developed to be enhancers of cerebral reserve, in order to delay and prevent (when delayed for an enough long period) VaD and other memory disorders. Caution, however, need to be taken, since the concept of cerebral reserve implies both the chance to mitigate VCID by increasing the cerebral reserve and the danger of underestimating severity of the cerebrovascular damage when just evaluating the VCID \[[@r114]\].

CONCLUSION
==========

Although VCID represents a great challenge in modern clinical practice, therapeutic options remain rather limited, because molecular and cellular mechanisms that underlie cerebrovascular disease are still poorly understood. In addition, the co-existence of VaD and AD pathology would certainly complicate the treatment \[[@r125]\]. Although AD and vascular dementia have been largely targeted as entirely separate entities in pathogenic and therapeutic studies, a growing body of epidemiological, neuroimaging, pathologic, and clinical evidence indicates that vascular pathology and amyloid pathology commonly occur together in clinically diagnosed patients suffering from dementia. So far, scientific investigation of dementia has mainly focused on either amyloid-based pathology or vascular pathology. The amyloid-based pathology of AD and the vascular pathology of VaD are viewed and clinically treated as separate disease entities. Despite intensive investigation worldwide, this approach, however, has not led to a cure of either disorder. A recent study indicates that in patients with AD and VCID, the anti-AD treatment alone would not lead to cognitive benefits unless the vascular pathology is also co-treated \[[@r125]\]. One approach for a successful treatment would be through a combined pharmacological treatment of both the cerebrovascular disease and synaptic deficits \[[@r51]\].

VCI and VaD after stroke and/or cardiovascular episodes are extremely common \[[@r126], [@r127]\], even after successful clinical recovery from the cardiovascular disorders. VCID is one of the dementias in which prevention is possible, especially for those with modifiable cardiovascular risk factors. Managing cardiovascular risk factors, such as hypertension, diabetes, dyslipidemia, heart function, obesity, smoking, and physical and mental inactivity, would greatly reduce the chances of developing VCID in later life. As we understand more of the cognitive mechanisms and their vulnerability to a variety of injuries, effective anti-dementia drugs are expected to be developed in the near future. In addition, building cerebral reserve pharmacologically through mimicking cognitive leisure may represent an important new strategy in fighting the war with dementia. The therapeutic approach could stop or even reverse VCI's progression to VaD, and eventually delay and prevent the VCID and other dementias, including AD.
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![The cerebral reserve hypothesis and pharmacology. Cerebral reserve represents the memory function, which is impaired by damaging neuropathology in memory disorders or reduced in aging. Memory therapy 1 is the 'conventional' therapeutic strategy, which antagonizes the neuropathology of memory disorders and underlying cerebrovascular pathology as triggered by vascular incidence/disease and associated with aging. Memory pharmacology 2 enhances cerebral reserve, so that cognitive function is maintained to a much greater amount of pathology before the function starts to drop (Memory therapy 2) at a much later time (2). The clinical diagnosis of dementia would also occur later (2), at greater neuropathology, but at greater rate of progression.](CN-16-1036_F1){#F1}
